Pseudodiaptomus inopinus, a common estuarine calanoid copepod in the Northwest Pacific, has been suggested to be a species complex. The population of the mainland of Japan consists of two allopatric forms that are distinguishable by the length of the posterior processes of the genital operculum; the forms with short and long processes are tentatively called SP-and LP-forms, respectively. We analyzed the mitochondrial cytochrome c oxidase subunit I (COI) gene and the nuclear ribosomal internal transcribed spacer 1 (ITS1) gene of 34 individuals (12 SP-and 22 LP-forms) collected from various localities. The genetic differences between the two forms were 12-15% for COI and 7-10% for ITS1. They were clearly separated into different clades in both COI and ITS1 trees. These results confirmed that the two forms belong to different species. The SP-form is a distinct species because the shape of the genital operculum of P. inopinus s. str. has long posterior processes as in the LP-form. Pseudodiaptomus japonicus Kikuchi, 1928 , which is the SP-form and was once synonymized with P. inopinus, is revived. The genetic comparison using available sequence data indicates that Pseudodiaptomus koreanus Soh et al., 2012 is the same species as P. japonicus.
Introduction

Pseudodiaptomus inopinus
, a calanoid copepod originally described from Lake Taihu in the Yangtze Delta, China (Burckhardt 1913) , is a common member of estuarine zooplankton in the Northwest Pacific regions, i.e. China, Korea, Russia, and Japan (Shen & Song 1979) . It is thought that the species was introduced to the Pacific coast of the US during the 1980s (Cordell et al. 1992 ) and dominated the plankton in some estuaries (Cordell et al. 2007 ). investigated the copepod fauna in many estuaries of western Japan, and revealed that P. inopinus is the most common calanoid copepod there.
It has been suggested that P. inopinus is a species complex , Soh et al. 2012 . Sakaguchi & Ueda (2010) and Soh et al. (2012) described P. nansei Sakaguchi & Ueda, 2010 from the Nansei Islands, southern Japan, and P. koreanus Soh et al., 2012 from Korea, respectively, both of which had so far been identified to P. inopinus. Soh et al. (2012) suggested that the P. inopinus species complex includes further cryptic species.
Our previous study demonstrated that the P. inopinus species complex collected from central Honshu to Kyushu in Japan included two allopatric forms that are easily distinguishable by the length of the posterior processes of the female genital operculum (Fig.  1A, B ). The form with short processes was collected from the coasts along the Japan Sea, and the other was from the Pacific and the East China Sea coasts, as well as the Seto Inland Sea coast. In the previous study, we called the two forms the Japan Sea group and the Pacific group, respectively. In the present study, however, we call the former the short-process form (henceforth, SP-form) and the latter the long-process form (henceforth, LP-form), because we subsequently found that the SP-form occurred not only along the Japan Sea coast but also along the Pa- , figure 2A-C, respectively; C, H and J, Soh et al. (2012) , figure 2C, 6B and 7C, respectively; I, K and L, Sakaguchi and Ueda (2010), figure 8C, 2C and 5E, respectively; D, Burckhardt (1913) , figure 9 of plate 11F; E and F, Kikuchi (1928) , figures 13 and 14 of plate 19, respectively. Arrowheads a, b and c indicate the posterior process of the genital operculum, the central part of the genital flap surrounding gonopores, and the tip of the distomedial process on the first exopodal segment, respectively. Scale bar of 0.1 mm is applicable for A-C and G-I. cific coast of northern Japan and therefore decided that names derived from morphology were better than being distribution dependent. The two forms were allopatric with a narrow boundary between two 30-km distant rivers in northwestern Kyushu Island and no notable morphological cline was observed within each range , Ueda et al. 2015 .
Based on these morphological and geographical facts, we considered that these forms are different species, but that a genetic comparison between the two forms would be necessary for the final conclusion as to their phylogenetic relationships. Hence, we analyzed their genetic differences, using the mitochondrial cytochrome c oxidase subunit I (COI) and the nuclear ribosomal internal transcribed spacer 1 (ITS1) regions, the latter of which is more variable than the ITS2 region and was recommended for inter-population surveys of Pseudodiaptomus by Sabia et al. (2017) . Soh et al. (2012) analyzed the same regions of P. koreanus, the species to be compared with the present specimens. The present paper describes the results of our genetic analyses and clarifies the taxonomic status of the P. inopinus species complex.
Materials and Methods
One male and eleven female specimens of the SP-form used for the genetic analyses, were collected from the four sites shown by triangles in Fig. 2 (#16, #20, #27, #34). The SP-form was once described as Pseudodiaptomus japonicus Kikuchi, 1928 (Kikuchi 1928 ) (see Discussion for explanation), based on specimens from Lake Suigetsu, where the present site #27 is located, but P. japonicus was later synonymized to P. inopinus (Mashiko & Inoue 1952 , Ito 1965 . The present 19 female and three male specimens of the LP-form were collected from 12 sites on the western and eastern coasts of Kyushu Island, the southern coast of Shikoku Island and in Tokyo Bay, shown by solid circles in Fig. 2 . Sampling methodology was the same as in our previous study , except for at site #33 (Tokyo Bay), the specimens from which were provided by Dr. Hiroshi Itoh.
Genomic DNA was extracted according to the methods described by Sakaguchi & Ueda (2010) . The COI sequences were analyzed for 18 specimens (12 of the LP-form, 6 of the SP-form), and the ITS1 sequences for 16 specimens (10 of the LP-form, 6 of the SP-form). The COI and ITS1 regions were PCR-amplified using the primers LCO1490 and HCO2198 (Folmer et al. 1994) , and ITS1 and ITS4 (White et al. 1990 ), respectively. PCR was performed using TaKaRa Ex Taq (TaKaRa, Japan) under the following conditions: first 5 cycles of denaturation at 94°C for 30 sec, annealing at 50°C for 1 min, extension at 72°C for 1 min; second 35 cycles at 94°C for 30 sec, 50°C for 1 min and 72°C for 1 min for the COI region, and 30 cycles of denaturation at 95°C for 30 sec, annealing at 50°C for 30 sec, and extension at 72°C for 50 sec for the ITS1 region.
The PCR products were purified using the High Pure PCR Product Purification Kit (Roche, Germany) and directly sequenced with a 3130xl Genetic Analyzer DNA autosequencer (Applied Biosystems, USA) using the BigDye Terminator V3.1 Cycle Sequencing Kit (Applied Biosystems), according to the manufacturers instructions. The nucleotide sequences reported in the present study were deposited into the DDBJ/EMBL/GenBank databases as accession nos. LC219902-LC219919 for the COI sequences and LC219920-LC219935 for the ITS1 sequences.
The COI and ITS1 sequences were aligned using MEGA7 (Kumar et al. 2016 ) and ClustalX 2.1 (Larkin et al. 2007 ). These alignments included the following sequences available from GenBank: Pseudodiaptomus inopinus of the SP-form from site #20 (DDBJ/EMBL/GenBank accession no. AB576159 for the COI sequence), P. koreanus (DDBJ/EMBL/GenBank accession nos. JQ714038 and JQ714053 for the COI sequence and AY496260 and AY499009 for the ITS sequence), P. inopinus from western Korea (DDBJ/EMBL/GenBank accession nos. AF536520 and JQ714057 for the COI sequence, and AY500279 for the ITS1 sequence). The alignments were trimmed by removing ambiguously aligned regions using trimAl with the option automated1 (Capella-Gutierrez et al. 2009 ). The COI and ITS1 pairwise p-distances were calculated using MEGA7. The maximum likelihood (ML) phylogenetic trees and corresponding bootstrap support values (1000 replicates) were calculated using MEGA 7 software for the resulting datasets. Initial trees for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Maximum Composite Likelihood approach. For these datasets, Bayesian analyses were performed using MrBayes v3.2.5 (Ronquist et al. 2012) . Six parallel metropolis-coupled Markov chain Monte Carlo (MCMCMC) runs, each consisting of three heated chains and one cold chain with default chain temperatures, were run for 1,000,000 generations. Log-likelihood scores and trees with branch lengths were sampled every 1000 generations. The first 250,000 generations were excluded as burn-in, and the remaining trees were summarized to obtain Bayesian posterior probabilities. Convergence of parallel MCMCMC runs was judged by the average SD of split frequencies. For ML and Bayesian analyses, the most appropriate models selected with MEGA7 and PhyML 3.0 (Lefort et al. 2017) were applied. Pseudodiaptomus poplesia (Shen, 1955 ) (DDBJ/EMBL/GenBank accession nos. AF536521 for the COI sequence and AY499007 for the ITS1 sequence) was used as the outgroup.
Results
The PCR and sequencing yielded a 522 bp fragment of COI and a 197 bp fragment of ITS1 for individuals. In pairwise genetic distance comparisons, the COI sequences differed by 12-15% between the SP-and LP-forms, while genetic variations within each form were much smaller (0-6% for the SP-form, 0-5% for the LP-form) (Table 1) . Pseudodiaptomus koreanus differed by 2-4% from the SPform and by 12-14% from the LP-form. Both forms were deeply divergent from P. inopinus of western Korea and the outgroup species P. poplesia with 16-21% differences.
In the ITS1 sequences, there was no difference between the SP-form and P. koreanus. In contrast, the SP-form and P. koreanus differed from the LP-form by 7-10% (Table 1) . No variation was detected within the SP-form, while the variation was somewhat large (1-8%) within the LP-form. The two forms of P. inopinus species complex in Japan differed deeply from P. inopinus of western Korea and P. poplesia by 12-18%.
The ML phylogenetic trees using COI and ITS1 sequences indicated deep separation between the SP-and LP-forms (Fig. 3A, B) . The SP-form and P. koreanus were in the same clade of the phylogenetic tree for both COI and ITS1 sequences. Pseudodiaptomus inopinus from western Korea was not included in either of the clades containing the two forms.
Discussion
The present study revealed clear genetic differences between the two forms of Pseudodiaptomus inopinus (SPand LP-forms) within the species complex for both COI and ITS1 sequences. A difference of 12-15% in the COI gene is regarded to be delimiting at the species level in calanoid copepods, whereas a variation of 0-6% within each form is considered to be intraspecific variation (Bucklin et al. 2003) . The SP-and LP-forms were separated from each other into different clades of the phylogenetic trees for both the COI and ITS1 genes, without exception. These genetic results confirm that the two forms are indeed different species. The divergence at the species level between the SP-and LP-forms means that at least one of them is a distinct species from P. inopinus sensu stricto (s. str.). Of the two forms, the SP-form is undoubtedly a distinct species because the short posterior process of the genital operculum of the SP-form (Fig. 1A) is apparently different from the processes of P. inopinus s. str. (Fig. 1D) , which is more similar to the LP-form (Fig. 1B) .
Six (COI: 4 specimens, ITS1: 2 specimens) of the 12 SPform specimens that were analyzed were collected from Lake Suigetsu (site #27), from which Kikuchi (1928) described Pseudodiaptomus japonicus as a new species. According to the original illustration of the species (Kikuchi 1928) , P. japonicus has morphologies characteristic of the SP-form, i.e., short posterior processes of the genital oper- (Fig. 1A, E) and medial spinules on the first exopodal segment of the female fifth leg (Fig. 1F, G) . Because of this, there can be no doubt that the SP-form is, in fact, P. japonicus. Therefore, P. japonicus, which has so far been considered a junior synonym of P. inopinus (Ito 1965 , Mashiko & Inoué 1952 , Walter 2008 , is a valid species name and hereby revived as the correct species name for the SP-form. The present phylogenetic results revealed that P. koreanus from Korea belonged to the same clade as the SP-form, indicating that P. koreanus is the same species as P. japonicus. The shape of the genital operculum is very similar in having short posterior processes and the genital flap triangularly surrounding the gonopores (Fig. 1A, C) (Sakaguchi & Ueda 2010 , Soh et al. 2012 . However, some morphological differences can be found between the Korean and Japanese populations. Comparing the illustrations of P. koreanus by Soh et al. (2012) with those of P. japonicus (as the Japan Sea group by Sakaguchi & Ueda 2011, and as P. inopinus by Sakaguchi & Ueda 2010), for example, the tip of the distomedial process on the first exopodal segment of the female fifth leg is round in P. japonicus (Fig. 1G ) but more acute in P. koreanus (Fig. 1H) , and the ventral surface of the male second urosomite is furnished with more numerous spinules in P. japonicus (Fig. 1I ) than in P. koreanus (Fig. 1J) . As far as these differences are not attributable differences in drawing methodology, these are intra-specific variations. Although morphological descriptions of P. japonicus have been provided partially by Sakaguchi & Ueda (2010) as P. inopinus from the Tsurikawa River (site #20) and by as the Japan Sea group of P. inopinus, a redescription of P. japonicus is being prepared to compare it with P. koreanus in more detail.
Sakaguchi & Ueda (2010) indicated morphological and genetic differences between P. nansei, which was once a cryptic species of P. inopinus, and P. japonicus (as P. inopinus from the Tsuri-kawa River). Remarkable morphological features of P. nansei are shorter posterior processes of the genital operculum than those in P. japonicus (Fig.  1K ) and a pointed distomedial process of the first exopodal segment of the female fifth leg (Fig. 1L) , in addition to thin lateral medial terminal caudal setae in the female. These morphological differences between P. nansei and P. japonicus are also evident between P. nansei and the LP-form. Sakaguchi & Ueda (2010) also revealed that COI sequences of P. nansei differed by 21% or more from P. japonicus. Therefore, P. nansei and P. japonicus are different species, although both were formerly identified as the same species-P. inopinus. The taxonomic status of P. japonicus and related references is summarized in Table 2 .
The LP-form is morphologically more allied to P. inopinus s. str. than to P. japonicus by having a genital operculum with long posterior processes (Fig. 1A, B, D) . However, if P. inopinus from western Korea (Soh et al. 2012 ) is P. inopinus s. str., the LP-form is therefore not P. inopinus s. str., because the present results show that P. inopinus from western Korea is a genetically distinct species from the LP-form. In the case that P. inopinus from western Korea is not P. inopinus s. str., the possibility that the LP-form is P. inopinus s. str. is again very unlikely from a geographical viewpoint. and the present study indicate that the LP-form is distributed on the Pacific and the East China Sea coasts of the western half of the main islands of Japan. This means that the LP-form is geographically isolated from P. inopinus s. str., which was described from the East China Sea coast of China (Burckhardt 1913) , with dispersal barriers of high salinity water in the East China Sea and the Tsushima (Korea) Strait. The collection site of P. inopinus from western Korea is on the Yellow Sea coast of Korea (Soh et al. 2012) , which is much closer to Japan and contiguous to the coast of the East China Sea. It apparently conflicts with general zoogeographical theory that the LP-form is P. inopinus s. str. despite their distant isolation compared to the isolation between the LP-form and P. inopinus from western Korea. We are preparing a description of the LP-form for detailed comparison with P. inopinus s. str., because the LP-form has never been described formally except for the partial description by . 
